The molecular mechanism of substrate recognition in membrane transport is not well understood. Two amino acid residues, Tyr 446 
Glucose is an important nutrient for most cells, many of which take up the sugar by the passive process of facilitated diffusion. In mammals, five facilitative glucose transporters (Glut1 to Glut5) belonging to the Glut transporter family have been identified (1) (2) (3) . The molecular mechanism of transport has been extensively studied with these transporters, especially with Glut1. (14) in Glut4 or Val 165 (15) in Glut2 also reduced or abolished glucose transport activity (amino acid residues are numbered according to the corresponding residues in Glut1). Many of these replacements also affected sensitivity to specific inhibitors, indicating that these sites are important for transport function. However, it has been suggested (16) that the selection of amino acids for substitution has been rather arbitrary and limited, so that the residues replaced may not be most critical ones. The Glut family comprises not only mammalian glucose transporters, but also transporters of other eukaryotes and prokaryotes (1) . A high affinity glucose transporter, Hxt2, and a galactose transporter, Gal2, of the yeast Saccharomyces cerevisiae are also members of this family. (The sugar transporter family in S. cerevisiae has not been well delineated. In the present study, the cluster I of 18 sugar permease homologs (18) is referred to for clarity as the Glut family of S. cerevisiae.) Although these two transporters share ϳ70% amino acid sequence identity, Gal2 transports both galactose and glucose, whereas Hxt2 transports only glucose (17, 19) . By constructing systematic series of chimeras between these two transporters, we have shown that Tyr 446 and Trp 455 in the putative transmembrane (TM) 1 segment 10 of Gal2 are important for galactose recognition (16, 19, 20) . Replacement of the two corresponding aromatic amino acids, Phe 431 and Tyr 440 , of Hxt2 with Tyr and Trp, respectively, allowed the modified Hxt2 to transport galactose. Whereas Tyr 446 , situated in the middle of TM10, was essential for galactose recognition, replacement of Trp 455 , situated at the cytoplasmic end of TM10, with several other amino acids reduced, but did not abolish, galactose transport activity. Multiple alignment of Glut family transporters reveals that all the known monosaccharide transporters in this family (1) , with the exception of Glut5, contain aromatic amino acids in the corresponding two positions. Since Hxt2, Gal2, and the mammalian glucose transporters belong to the same family, it may be expected that they recognize substrates in a similar, if not identical, manner. To test this hypothesis, we have now investigated the role of the two aromatic amino acids in TM10 of a mammalian glucose transporter. The Phe  379 and  Trp  388 residues of rat Glut1, corresponding to Tyr  446 and  Trp  455 of Gal2, were substituted with each of the other 19 amino acids, and the glucose transport activities of the modified transporters were measured. As an expression system for the various transporter proteins, we used a mutant of S. cerevisiae in which three major sugar transport-related genes are deficient (21, 22) . The recombinant Glut1 is retained in an intracellular compartment, but, after reconstitution, it exhibits glucose transport activity as active as human erythrocyte Glut1 (21 
EXPERIMENTAL PROCEDURES
Expression of Rat GLUT1 in S. cerevisiae-Construction of the plasmid GLUT1-pTV3e, for expression of rat GLUT1 by a GAL expression system in the multicopy plasmid pTV3 (YEp TRP1 bla), was described previously (21) . Briefly, GLUT1 was modified to create an EcoRI site dowstream of the initiation codon and a ClaI site immediately downstream of the termination codon, in order to allow the open reading frame of GLUT1 to be inserted into the expression vector as a cassette with the use of these two enzymes (21 (23) . In a first round of PCR, one of the degenerate primers and the primer, 5Ј-GAAGAAAAAACGTCAGTCAT (nucleotides 57 to 38 of the reverse nucleotide sequence after the 3Ј end of the ClaI site of GAL2) were combined with the template DNA (GLUT1-pTV3e). In a second PCR, the first PCR product and the primer 5Ј-AGCTGTTCCGCTCACCC (nucleotides 781-797 of the GLUT1 open reading frame) were combined with the template DNA (GLUT1-pTV3e). PCR was performed with a GeneAmp PCR system 2400 (Perkin-Elmer) and native Pfu polymerase (Stratagene). The final PCR products were digested with SalI and ClaI and substituted for the corresponding region of GLUT1 in GLUT1-pTV3e. The nucleotide sequences of the two strands of each mutated GLUT1 between the SalI and ClaI sites were determined and the desired clones were selected. Sixty-two clones of Phe 379 mutants were selected and sequenced, but replacement with Met, Asn, Lys, Cys or Trp was not detected. Specific primers were designed to modify the codon for Phe 379 by PCR, and the desired mutants were obtained (Table I) , or Ala 387 . The mutated GLUT1-pTV3e plasmids were introduced into yeast strain LBY416 (MAT␣ hxt2::LEU2 snf3::HIS3 gal2 lys2 ade2 trp1 his3 leu2 ura3) (24) . As a control, LBY416 cells were transformed with the empty vector (pTV3e) or with HXT2-pTV3e (19) . All cells were grown at 30°C in a synthetic medium containing 2% galactose as a carbon source and supplemented with uracil, adenine, and amino acids except tryptophan (25) .
Other Methods-A crude membrane fraction of yeast was prepared as described previously (21) . Reconstitution of glucose transport was performed at room temperature by the modified freeze-thaw/sonication method that make use of no detergent as described elsewhere (21) . Briefly, crude soybean phospholipid (P5638, Sigma) treated with acetone to remove neutral lipids was suspended in 10 mM Tris/HCl, pH 7.5, flushed with nitrogen gas, and sonicated in a bath-type sonicator. A portion of the membrane fraction (1 mg) was added to the sonicated liposomes (7.5 mg of phospholipid) in a final volume of 250 l, flushed with nitrogen gas, and sonicated for 10 s. The mixture was quickly frozen in a test tube using ethanol at Ϫ70°C and thawed at room temperature. The turbid mixture was supplemented with 250 l of 10 mM Tris/HCl, pH 7.5, flushed with nitrogen gas, sonicated for 10 -15 s, and diluted to produce a solution of 10 mM Tris/HCl (pH 7.5), 2 mM MgSO 4 and 8 mg/ml phospholipid. The vesicular sizes of reconstituted liposomes were measured with a light scattering instrument (LS230, Coulter). An average diameter of 87 Ϯ 2 nm (mean Ϯ S.E., n ϭ 23) was obtained with reconstituted liposomes (16 X-W series transporters, 5 F-X series transporters and 2 Glut1). No appreciable relation was found between vesicular size and glucose transport activity. A portion of reconstituted liposomes (Ͻ0.5 mg of phospholipid) was used for transport assay with nitrocellulose membrane filter (pore size, 0.3 m) at 25°C (21) . Immunoblot analysis of yeast homogenate and determination of protein content in crude membrane fractions were performed as described (21, 22) .
RESULTS
A yeast multicopy expression plasmid containing rat GLUT1 (GLUT1-pTV3e) was used to study the roles of Phe 379 and Trp 388 in the putative TM10 of Glut1. Trp 388 , which is located at the cytoplasmic end of TM10, was replaced with each of the other 19 amino acids to create the F-X series of mutants and each modified Glut1 protein was expressed in yeast strain LBY416, in which high affinity glucose transport activity was significantly reduced due to mutations in three sugar transport-related genes. Expression of each mutant protein was confirmed by immunoblot analysis of cell homogenates with antibodies to Glut1 (Fig. 1A) . All the transformed cells showed a predominant immunoreactive band at 40,000, corresponding to the position of wild-type Glut1. The extent of expression of each mutant protein was 75-104% of that of wild-type Glut1 with the exception of F-A (64%) and F-E (47%). A crude membrane fraction was prepared and reconstituted in liposomes with the freeze-thaw/sonication method (21, 22) in order to 1 . Expression of the F-X and X-W series of mutant Glut1 transporters. Cells harboring plasmids encoding the F-X (A) or X-W (B) series of Glut1 mutants were cultured to early log phase, after which cell homogenates (5 g of protein) were subjected to immunoblot analysis with antibodies to Glut1 and to autoradiography. measure D-glucose transport activity. The glucose transport activities of the F-X series of mutants, measured at a glucose concentration of 0.1 mM, did not differ significantly (p Ͼ 0.05) from that for control cells transformed with the empty vector ( Fig. 2A) . This result indicates that Trp 388 is essential for high affinity glucose transport by Glut1. Since Glut1 transports other monosaccharides in addition to D-glucose, we measured transport of D-galactose and 2-deoxy-D-glucose by two mutants that showed the highest glucose transport activity (F-C and F-H). These two mutants did not show significant transport activity with either of these sugars (data not shown). To assess low affinity glucose transport, we measured transport activity in the presence of 5 mM glucose; all mutants exhibited transport activities of Ͻ20% of that of wild-type Glut1 (Fig. 2B) . These activities were too low to assess kinetic parameters or other biochemical properties.
Similarly, Phe
379
, which is located in the middle of the putative TM10 of Glut1, was replaced with each of the other 19 amino acids to create X-W series of mutants. The extent of expression of each mutant protein in LBY416 cells was 56-108% of that of wild-type Glut1 with the exception of K-W (28%) and R-W (49%) (Fig. 1B) . Variable levels of glucose transport activity were exhibited by the X-W series of transporters (Table II) . At a glucose concentration of 0.1 mM, mutants A-W, M-W, L-W, V-W, C-W, and Y-W showed 10 -22% of the activity of wild-type Glut1. Mutants S-W, N-W, I-W, H-W, G-W, and T-W showed Ͻ10% of the wild-type activity. The remaining mutants exhibited no significant activity. Kinetic parameters were measured for mutants that showed an activity of Ͼ10% of that of wild-type Glut1 (Table II) . The mutants A-W, M-W, L-W, V-W, and C-W showed similar K m values but reduced V max values compared with those of wild-type Glut1, whereas Y-W showed an increased K m . Consistent with the changes in V max and K m , the extent of inhibition of glucose transport by 5 M cytochalasin B, a potent competitive inhibitor of Glut1, was reduced for Y-W, whereas the other mutants showed a percentage inhibition similar to that of the wild-type (Table II) . DISCUSSION Previous studies have indicated the importance of Trp 388 of Glut1. Mutation of Trp 388 to Gly or Leu reduced glucose transport activity to ϳ30% of that of wild-type Glut1 in Xenopus oocytes (8) . A similar decrease in glucose transport activity was also observed with Chinese hamster ovary cells (9) and COS-7 cells (10) . The extent of the decrease in glucose transport associated with mutation of Trp 388 in these previous studies was less than that observed in the present study, possibly because our measurements of transport activity were based on rapid uptake of D-glucose during 15 s, whereas those in the earlier studies were based on uptake of 2-deoxy-D-glucose or 3-O-methyl-D-glucose over 15-30 min (8) or 15 s to 3 min (9). Schurmann et al. (10) reported an uptake level of 30% for Glut1 containing Leu at position 388 with reconstitution experiments similar to those in the present study, whereas we obtained an insignificant level of 4%. The reason of this difference is not clear, but it may be attributable to the different levels of glucose transport in the untransfected cells; we used yeast cells with significantly reduced basal glucose transport activity and observed an 18-fold increase in glucose transport after Glut1 transfection, whereas Schurmann et al. 
TABLE II Glucose transport activity of the X-W series of Glut1 mutants
A crude membrane fraction was prepared from LBY416 cells harboring plasmids encoding the Glut1 mutants and was reconstituted in liposomes. Glucose transport activity in the reconstituted liposomes was measured for 15 s with 0.1 mM D-glucose as substrate. Data were corrected for the activity apparent for cells transformed with the empty vector and are expressed as means Ϯ S.E. (n Ն 3). The K m and V max values (n Ն 2) were determined as described previously (21) . Inhibition of glucose transport by 5 M cytochalasin B was measured for 15 s with 0.1 mM D-glucose as substrate (n Ն 2) and is expressed relative to the transport activity in the absence of this agent (0% inhibition). 
and TM10 was shown to be the site of forskolin photolabeling in human erythrocyte Glut1 (26) . Covalent labeling by cytochalasin B was completely abolished when both Trp  388 and Trp   412 were replaced with Leu, although this double mutation did not result in complete inhibition of cytochalasin B binding or of glucose transport activity (11) . Together, these data suggested that Trp 388 is important for glucose transport, although the precise role of this residue remained unclear.
Our previous studies of the Gal2 transporter have shown that Tyr 446 , corresponding to Phe 379 of Glut1 and situated in the middle of TM10, is essential for substrate recognition and that Trp 455 , corresponding to Trp 388 of Glut1 and situated at the cytoplasmic end of TM10, is important for galactose recognition. In contrast, our present results indicate that Trp 388 , located at the cytoplasmic end of TM10, is essential for glucose transport in Glut1. It is possible that the fine structures of the substrate recognition sites differ between Gal2 and Glut1, even though the two transporters belong to the same Glut family. In this regard, cytochalasin B inhibits glucose transport by Glut1, but not that mediated by Hxt2 (21) . The substrate specificities of Gal2 and Glut1 also differ slightly; Gal2 shows an order of (21) . It is reasonable to assume that Trp 388 contributes to substrate recognition by Glut1, but the possibility that it contributes to another critical function in glucose transport cannot be excluded at present, since all the Trp 388 mutants showed very little, if any, glucose transport activity.
The role of Phe 379 in Glut1 has not been addressed by previous studies. In the present study, the replacement of Phe 379 with other amino acids reduced glucose transport activity to Ͻ25% of that of wild-type Glut1. Thus, Phe is not absolutely required at this position, but it is highly preferred. This site may contribute to substrate recognition or some other important process in the transport reaction, since its mutation resulted in changes in K m and V max values as well as in the sensitivity to cytochalasin B.
To investigate further the differences in the roles of two aromatic amino acids in TM10 between Glut1 and Gal2, we constructed six additional Glut1 mutants. Amino acid residues situated between Phe 379 and Trp 388 were replaced with the corresponding residues of Gal2. Glut1 contains three Pro residues and one Glu, whereas Gal2 has one Pro and no charged residues, between the two aromatic amino acids (Fig. 3) . Although the amino acid residues in this region were important for glucose transport activity, neither the charged amino acid (Glu) nor the two additional Pro residues of Glut1 contributed to the difference between Glut1 and Gal2. Thus, structures other than this region may contribute substantially to the overall difference in transport properties between Glut1 and Gal2.
Since the major difference between galactose and glucose is the structure around C-4, it is likely that the two aromatic amino acids in TM10 of Gal2, Hxt2 and also Glut1 play an important role in the recognition of the C-4 region of monosaccharides. Other regions of monosaccharides may be recognized by other sites of the transporters. In this regard, Seatter et al. (27) have proposed that TM7 contributes to substrate selection and that a conserved QLS motif in TM7 interacts with the C-1 position of D-glucose, based on their observations after exchanging this motif between Glut2 (glucose and fructose transporter) and Glut3 (glucose transporter). Doege et al. (14) have also proposed that a structure close to TM7 is important for substrate recognition.
Recent studies on the three-dimensional structures of maltoporin (28) and the sucrose-specific porin ScrY (29) of enterobacteria are of possible relevance. Porins consist of ␤-sheet structures and differ markedly from Glut1, which consists mostly of ␣ helices (1). Nevertheless, aromatic amino acids of the porins were shown to be situated close to the glucose moiety of bound maltose or sucrose. Several aromatic amino acids are located on the same side of an aqueous pore, suggesting that they may perform a substrate relay function (28, 29) . Our data showing that two aromatic amino acid residues in TM10 are important for sugar transport by Glut1 as well as by Gal2 and Hxt2 might thus be consistent with the results of the structural analysis of these porins. It will be of interest to determine whether other aromatic amino acid residues conserved among members of the Glut family, especially those located at the outer side of transmembrane segments, also contribute to substrate binding. FIG. 3 . Effects of mutation of amino acids in TM10 of Glut1 on glucose transport activity. The amino acid sequences of TM10 in rat wild-type Glut1, mutant Glut1 (F-Y and m1 to m6), yeast Hxt2 and yeast Gal2 are shown. Bold letters of mutant Glut1 indicate substituted amino acid residues. Wild-type Glut1, each mutant Glut1 and Hxt2 were expressed in LBY416 cells and glucose transport activity was assessed as described in Fig. 2 . ND indicates not determined, since Gal2 showed low reconstituted glucose or galactose transport activity, the reason of which is not clear at present.
